Background
The clivus is a depression in the anterior basilar occipital bone of the skull base, posterior to the dorsum sellae, at the junction with the sphenoid bone. Chordomas are rare malignant tumors, locally aggressive, arising from embryonic remnants of the primitive notochord, around which vertebral column and skull base develop [1] . Chordomas account for 0.2% of intracranial tumors [2] and usually become symptomatic following a slow growth pattern, and is difficult to treat surgically due to its location and propensity to recur [3] .
The histopathological features of chordoma can vary from lowgrade to high-grade, and the treatment can be challenging not only because of its proximity to critical neurovascular structures but also because of the biology of this tumor [4] . The differential diagnosis of a primary tumor arising from the clivus includes chordoma, chondrosarcoma, plasmacytoma, and clival metastases [5] . Chordoma can be a slow-growing and infiltrative tumor with a locally destructive growth pattern and a high-risk of local recurrence [3] . The treatment of chordoma arising in the clivus is complicated because of its deep location and invasive nature, including the difficulty in achieving complete surgical resection [3] . Imaging is performed for the diagnosis of the tumor and also for the selection of the optimal surgical approach. Computed tomography (CT) and magnetic resonance imaging (MRI) can be used to identify a chordoma of the clivus, based on its midline location and destruction of the clivus and adjacent bone and soft tissue, with CT and MRI routinely used for preoperative planning [6] .
Currently, available imaging software allows 3-D anatomical reconstruction of the tumor and adjacent structures, based on 3-D rendering software and anatomical modeling and spatial information of the target structure [7, 8] . Volumetric anatomical modeling of deeply located tumors can help to determine the surgical approach and parameters to be used to ensure a safer treatment and decrease the chances of tumor recurrence [9] [10] [11] .
Previously published clinical studies have supported that the management of clival chordoma is problematic and the optimal treatment strategy involves removal of the tumor mass as extensively as possible, including removal of the connective tissue and bone surrounding the tumor [12] . Because chordoma can be highly infiltrative, it is essential to identify the dimensions and all margins of the tumor, so that the treatment can be as accurate and effective as possible, and with the least morbidity.
Chordoma arising in the clivus and involving the maxillary sinus is rare and challenging to treat, and the main complication following surgery is local tumor recurrence [13] . In the field of head and neck surgery, this case report and the approach used for pre-operative assessment of the tumor deserves special attention. The patient in this report presented with recurrent chordoma of the clivus, involving the right maxillary sinus with displacement of the right eye in a patient who had been previously treated unsuccessfully, multiple times by several methods, including surgery and radiotherapy. The volume analysis of the tumor, as well as the assessment of the shape and extent of the tumor, highlighted the degree of surrounding bone destruction.
The aim of this case report is to highlight the importance of the use of volume analysis of a recurrent chordoma of the clivus involving the right maxillary sinus using 3-D reconstruction with medical software. The recurrence of chordoma of the clivus involving the maxillary sinus is extremely rare, and its surgical management is complex with regard to the most appropriate surgical treatment approach to ensure a reduced rate of recurrence. Studies are ongoing in our center to evaluate the feasibility of 3-D volume imaging in patient follow-up, to study the progress of patients following surgery.
Case Report
A 53-year-old man, with no history of alcoholism or smoking, but with a previous history of hypothyroidism, and recurrent intracranial chordoma, presented with pain in the right orbital cavity, right proptosis, swelling of the right cheek, and bilateral loss of vision to the Department of Otolaryngology at the Clinics Hospital of the University of Campinas (UNICAMP) in February 2016. He also had adrenal insufficiency. His right eyeball was displaced from its original location, and he had become blind in both eyes. Computed tomography (CT) and magnetic resonance imaging (MRI) scans were performed.
Computed tomography (CT) data acquisition
A head CT scan was performed with a 64-detector row CT scanner (Aquillion 64) (Toshiba Medical Systems, Tochigi, Japan). The imaging slice thickness and reconstruction interval were both 3 mm, and the field-of-view (FOV) was 320 mm. The CT scan was acquired after injection of contrast agent (iodinated contrast media) to improve visualization of the tumor on imaging. The CT scanner operated at 120 kV and 400 mA.
Magnetic resonance imaging (MRI) data acquisition
MRI acquisition was performed with a 3-T Philips Achieva system according to the following parameters: multiplanar acquisition with T1-weighted and T2-weighted sequences, fluid-attenuated inversion recovery (FLAIR), and diffusionweighted imaging (DWI) before and after intravenous injection of gadolinium-diethylenetriamine penta-acetic acid (Gd-DTPA).
The field-of-view (FOV) was 240 mm, the voxel size was 0.68 mm, and the slice thickness was 5 mm. The recon-all voxel size was 0.29 mm, and the reconstruction matrix was 64×64 points.
CT and MRI analysis
Images were reviewed by a radiologist with dentomaxillofacial, CT, and MRI experience. The CT and MRI scans confirmed the presence of an expansive lesion in the area corresponding to the right maxillary sinus. The tumor extended into the right maxilla, right maxillary sinus and soft tissues around the zygomatic area, with signs of infiltration into the right orbit, which explained the proptosis of the right eyeball. The tumor also infiltrated into the masticator space ( Figure 1A ). The imaging of the tumor was enhanced by the use of contrast material and was shown to be centered at the clivus, with a cystic and heterogeneous appearance on imaging, measuring 9.7×6.6×8.4 mm.
Axial contrast-enhanced T1-weighted MRI showed a high signal intensity lesion with marked contrast enhancement ( Figure 1B ). There was evidence of previous surgery, with imaging showing turbinectomy with previous surgery involving the nasal septum, right medial nasal conchae, mastoidectomy, and thickening of the intracranial dura mater (pachymeningitis). Gliosis and hemosiderin deposition were found in the inferior frontal gyrus, which was more pronounced on the right. Surgical procedure on the current hospital admission
Following clinical examination and imaging, a biopsy was performed under local anesthesia. The morphological findings and immunohistochemical profile were compatible with recurrent clivus chordoma in the right maxillary sinus. The patient was prepared and submitted for surgery involving orbital exenteration, maxillectomy, and temporal rotation flap. The surgical procedure was performed in February 2016, and the patient progressed well in the postoperative period. The patient was also referred to the Dentistry Division of the UNICAMP Clinic Hospital for the manufacture of a palatal prosthesis. During the follow-up appointment, this case was selected for 3-D imaging analysis using InVesalius software.
Histopathology and immunohistochemistry of the chordoma
Histology showed the presence of tumor cells with cytoplasmic vacuoles in a basophilic stroma ( Figure 2A ) and strands of epithelioid cells with eosinophilic cytoplasm ( Figure 2B ). Tumor cells expressed epithelial membrane antigen (EMA) (membranous and cytoplasmic positivity) and S-100 protein (nuclear and cytoplasmic positivity) ( Figures 3A, 3B ).
Data analysis: 3-D volumetric reconstruction
Two oral dentomaxillofacial radiologists determined the threshold level and opacity curve for tumor segmentation and surrounding structures (Figure 4) , using the open-source software InVesalius version 3.0 (Technology Information Center, Campinas, Brazil) (www.cti.gov.br/invesalius). Once the relevant structures were isolated, 3-D volume reconstruction analysis was performed.
The 3-D model could be rotated and its different components removed or made transparent so that any structure at any angle could be examined, with its anatomical associations, to determine distances from vital structures and analyze topography. Also, the interaction between the tumor and bone structure could also be visualized. The 3-D volume reconstruction of the tumor allowed a series of characteristics to be highlighted. It was also possible to confirm that the tumor invaded anteriorly into the right maxilla, right maxillary sinus, and superficial soft tissues of the zygomatic area. Laterally, the tumor invaded the masticator space, including the masseter muscle and temporal muscle, as well as the zygomatic arch. Another benefit of the 3-D model and volumetric analysis, as well as the proper application of the software filters, was the differentiation and separation of tissues in different colors on the images. For example, the swollen area of the patient's cheek could be highlighted, which was caused by the expansion of the tumor (Figure 4) . Anteriorly, invasion of the inferior portion of the right orbital cavity was also demonstrated, which explained the clinical sign of proptosis of the right eyeball. The alteration in the contrast levels of the images allowed for investigation of the effects of the tumor on soft tissues, such as the muscles ( Figure 5A ), as well as demonstrating the anatomical topography of the tumor ( Figure 5B ). Posteriorly, there were signs of involvement and erosion of the clivus, orbital apices, pterygopalatine fossa and bilateral cavernous sinus. Medially, the lesion was found to involve the right nasal fossa and nasal bone, and close contact of the tumor with the nasal septum was also seen, as were the signs of previous surgical 
Discussion
There remains controversy regarding the most accurate and effective management of chordoma arising from the region of the clivus. Some clinicians have advised that surgical resection is the definitive treatment modality for clival chordoma, whereas others have advocated the use of radiotherapy, either as the primary therapy or as an adjuvant therapy [14] . Gamma knife radiosurgery and proton therapy have also been reported for the management of cases of recurrence [15, 16] .
However, it has also been shown that the role of surgery and adjuvant radiation therapy for chordomas of the base of the cranium is not well established [17] . The debate on the optimal management has continued for several decades, with the acknowledgment that attempts at radical removal of the tumor might lead to significant surgical morbidity. Skull base chordomas require a broad surgical approach strategy based on their location and surgeon´s preference. Endoscopic techniques, along with trans-sphenoidal, transmaxillary, transnasal, high anterior cervical, retropharyngeal, and trans-oral approaches, have been well documented in the literature [18] . Until recently, imaging-based diagnosis of clival chordoma has relied on computed tomography (CT) and magnetic resonance imaging (MRI) as the 'gold standard' to evaluate the degree of bone involvement [1] , to identify patterns of calcification within the lesion, and to differentiate chordomas from other focal lesions pre-operatively [5] . Although the Response Evaluation Criteria in Solid Tumors (RECIST) remains the current standard for assessing therapy response in solid malignant tumors, volumetric assessment has been reported to provide more representative data of actual tumor size, and as clival chordomas can mimic other lesions, presenting with similar symptoms and imaging features, 3-D volumetric assessment is gaining support in clinical diagnosis and pre-operative patient assessment [19, 20] .
A previously published study has demonstrated that a non-midline growth pattern can help to differentiate between chordoma and chondrosarcoma on MRI in a majority of patients [19] .
Patients with complete resection of chordomas arising from the base of the cranium have a prolonged 5-year progressionfree survival (PFS) and overall survival (OS) [17] , and so it is essential that imaging findings be as clear as possible regarding the tumor location and morphology, since these images will serve to guide surgery. Patient survival and local control are associated with the ability to achieve wide surgical margins during excision. However, surgical morbidity may be significant due to the propensity for this tumor to surround neural, vascular, and visceral structures [21] .
Early diagnosis of chordoma and the involvement of a multidisciplinary team are essential for optimal management [21] , and the use of the 3-D imaging model followed by volumetric analysis may be an important approach to improve the preoperative evaluation of the tumor and improve postoperative patient survival [22] . Also, past cases where the treatment consisted exclusively of radiotherapy, we consider that the calculation of the tumor volume can serve as an auxiliary tool to determine treatment efficacy. The use of 3-D reconstruction and volumetric assessment are particularly important in the evaluation of intracranial chordoma as the margins of this tumor are recognized to be difficult to assess [20] . Because of these challenges in the imaging of chordoma, the segmentation process of this case was performed in duplicate to ensure that the 3-D volume data was accurate.
A follow-up CT scan performed in February 2018 showed that in this patient, the chordoma had progressed even after all the previous treatments, including the surgical resections. At present, at 26 months following the most recent hospital admission and the latest surgery, the patient is alive, but with a poor prognosis.
Conclusions
Considering that survival rate and progression-free survival of patients affected by clivus chordoma depend on a surgical approach that aims to keep the surgical resection margins free of tumor cells, it is essential to use both computed tomography (CT) and magnetic resonance imaging (MRI). This case report has highlighted the value of 3-D volume imaging in the diagnosis and treatment planning in a rare case of chordoma of the clivus. Analysis of tumor volume may be an indicator of the efficacy of surgery, complementing the Response Evaluation Criteria In Solid Tumors (RECIST) system and serving as a valuable tool to predict treatment outcomes.
